Abstract-Lack of valid and reliable pain assessment in the neonatal population has become a significant challenge in the Neonatal Intensive Care Unit (NICU). In an attempt to forego the manual pain scoring system, this paper presents an initial framework to automate a partial pain score for newborn infants using big data analytics that automates the analysis of high speed physiological data. An ethically approved retrospective clinical research study was performed to calculate Artemis Premature Infant Pain Profile (APIPP) scores from premature infant data collected from the Artemis platform. Using the Premature Infant Pain Profile (PIPP) as the gold standard scale, scoring techniques were automated to create data abstractions from gestational age and the physiological streams of Heart Rate (HR) and Oxygen Saturation (SpO2). These were then brought together to compute an automated partial pain score. APIPP was retrospectively compared with the PIPP which was manually scored by nursing staff at The Hospital for Sick Children, Toronto. Differences within both the scales were evaluated and analysed by creating a data model. Future research will focus on the clinical validation of this work by implementing this work into a clinical decision support system (CDSS) named Artemis.
I. INTRODUCTION
This research is motivated by a lack of adequate, validated pain assessment tools to assess neonatal pain. There is also a significant need for validated CDSS that can provide automated generation of pain scores in the neonatal population. The primary aim of this research is to design an initial framework to automate a partial pain score for newborn infants using big data analytics that automates the analysis of high speed physiological data. The objective is to use physiological data for creating an alternate way to generate a score that is currently generated manually. The elements of the PIPP score used in this design will be those that can be calculated without the need for a visual assessment of the patient at the bedside. PIPP is currently used at The Hospital for Sick Children, Toronto as a pain assessment tool in premature infants. PIPP indicators include upper facial activity, physiological activity, and behavioural state. The scale ranges from zero (minimum score) to 21 (maximum score) [1] . The field of informatics has great potential for designing physiological based scales for the neonatal population, where such scales can utilize CDSS for the continuous assessment of pain.
During their stay at the NICU, infants undergo a range of 2 to 14 invasive procedures each day, for which less than one-third receive analgesic therapy [2] . These particular procedures are painful for infants, where such noxious stimulation can cause changes in brain activity that is similar to that of adults [3] .
Even though more than 40 pain assessment tools are available, no single instrument has demonstrated superiority over the others for use in this vulnerable population [2] . Studies have shown that periodic monitoring of patient pain levels by physicians and nurses can lead to large improvements [4] . However, healthcare providers experience an increased burden of work and stress; thus such pain monitoring becomes difficult to sustain. A recent study evaluated continuous pain assessment in 6648 neonates in 243 different NICUs and found that daily continuous pain assessment occurred only in 10.4% of patients [5] . For this reason, an automated system would be an ideal solution. To date, there has been very limited health information technology research in the neonatal population, which then presents a good opportunity for innovation.
Some behavioural tools that measure facial expressions, vocalisations and body movements also exist; however, such tools may also not be entirely accurate because very immature neonates or sedated neonates may not provide any behavioural distress cues. Assessing such behavioural indicators pose challenges for clinical practice and research due to subjectivity; as such, these indicators can be perceived differently by individual health care professionals. Therefore, there is a need to develop a pain assessment tool that is based on physiology, and requires no communication on the part of patient.
Health care professionals can also be strongly biased towards assessing these behavioural changes, resulting in inaccuracy. By using objective signs of subjective change, accuracy of pain assessments can significantly improve; however, these signs are not currently used in a precise manner. Evidently, we can use these objective physiological indicators to carefully quantify abnormalities or pain in premature infants with addition of contextual impression of the neonate as assessed by nurses. The challenge has been to bridge the gap between research and clinical practice by devising a pain assessment method for premature infants that is suitable in all circumstances and conditions. Despite the fact that the scientific community has disregarded misconceptions relating to pain in the neonatal population, there remains a lack of a 'gold standard' to measure pain precisely. This research work will demonstrate the utility of the Artemis platform for the effective detection and monitoring of pain within the neonatal population in the future. The Artemis platform is a framework for concurrent multi-patient, multi-diagnosis and multi-stream temporal analysis in realtime for clinical decision support and both prospective and retrospective clinical research [6] . This clinical platform is able to analyse and store the raw physiological data from multiple infants at the rate the data are generated to uncover the condition onset markers contained within these physiological data streams for significant medical problems. The Artemis platform supports the acquisition and storage of high volume and high rate physiological data streams, and additional clinical data for the purposes of online real-time analytics, retrospective analysis, and data mining [6] . This research utilised a deployment of the Artemis platform in the NICU at The Hospital for Sick Children, Toronto, for multidimensional temporal analysis of complex physiological data streams. The application of online health analytics promotes timely intervention and improved outcomes for patients [6, 7] . Using this research work with Artemis capabilities, it is possible to design an algorithm unique to this research that can be deployed within Artemis to create a pain detection system that can provide diagnostic support to health care professionals.
III. METHODS
This study is a retrospective quantitative study conducted with the data collected at The Hospital for Sick Children, Toronto, Canada in the Neonatal Intensive Care Unit (NICU). This study was reviewed and approved by the Research Ethical Board under REB# 1000036025 and UOIT REB#12-084. For this analysis, physiological data was captured continuously from NICU bedside monitoring devices and was streamed for temporal analysis using the Artemis platform. The methodology was carried out in two phases. In Phase I, data preparation was carried out to demonstrate the work in which retrospective analysis was completed using the data collected from the Artemis platform in the DB2 system. In this data preparation phase, the abstractions were put into individual streams to look for features in the physiological streams. The approach to automation involved blocking the second-by-second data into a one-hour window to construct an hourly partial PIPP score. Microsoft Excel was used for construction of a series of DB2 queries that would each be contained within a script that ran in DB2 to create a temporal abstraction for a given hour retrospectively within the Data Persistence component of Artemis. Our plan is to ultimately easily replace this step with a real-time InfoSphere Streams graph that would generate these abstractions in real-time within the Online Analytics component of Artemis. Data was extracted and organised for analysis to enable hour-by-hour analysis for the physiological data components.
The data preparation results were used during the second phase, where a data model was created based on the PIPP scale using Artemis data. Nurses collected PIPP scores in a handwritten format. These records were retrospectively examined and the scores were recorded for research purposes. This was a first step in the design for its deployment within the Artemis Platform to run in real-time.
Phase II involved combining the, abstractions and features from the data preparation phase in order to compute an automated partial pain score based on big data analytics and quantifiable scoring from the streams prepared in data preparation phase (Heart Rate (HR), Oxygen Saturation (SpO2) and Gestational Age (GA)). The PIPP scale was used in correlation with Artemis data to compute a total score for each hour using maximum HR, minimum SpO 2 and GA. Since PIPP is the base scale used in this study, the scale was used to explore and demonstrate a new scoring system. Following this, the Artemis Premature Infant Pain Profile (APIPP) was created. By depicting the parameters of scoring from the already in place PIPP scale, an attempt was made to create a model scoring system using the Artemis Platform. APIPP scoring is an attempt to assess the possibility of automation in pain assessment of premature infants. For this reason, the two physiological indicators contained within the PIPP scale were included in the APIPP scale. The physiological data for HR and SpO 2 were also readily available in the Artemis platform. GA was also used as a factor for this scale as gestational age can have varied effects on how a neonate responds to pain. The APIPP scale displayed in Table 1 ranges from 0 (minimum score) to 9 (maximum score). 
TOTAL SCORE
For the generation of the APIPP temporal abstractions, the hourly summary data was used from the data preparation phase. All individual physiological streams data and GA were scored individually and then combined to compute a total APIPP score, based on the PIPP criteria, that can be compared to the PIPP score. Table 2 displays an example of the final output sheet for subject 1. PIPP score was also displayed side by side for comparison purposes. Grey area in Table 2 represents the hours the PIPP was not scored. 
IV. CASE STUDY
This section presents quantitative analysis comparing the PIPP and the proposed APIPP. The purpose of the comparison is to assess the potential impact of introducing an automated APIPP compared to the current clinical practice (PIPP). One subject's data was used which consisted of a total of 1910 hours of data for subject 1. For comparison purposes, the data for both scores for the subject were inputted into a pivot table, which was later plotted on a line graph. The data was filtered to exclude null values that were present within the PIPP data for an accurate depiction and comparison. Figure 1 displays the data for subject 1. After the analysis, subject 1 was found to have greater PIPP scores then the APIPP scores. The PIPP maximum score is 21 and APIPP maximum score is 9; as such, investigating the difference between the two scores was imperative in order to understand the potential clinical efficacy. The following steps were carried out to create a data model:
The difference between APIPP and PIPP score was computed for all values except null. Following this, four categories were created to analyse the difference between these two scores: Greater = PIPP score is greater than APIPP score Lesser = PIPP score is less than APIPP score Equal = PIPP score and APIPP score are the same Null= PIPP score was not collected when APIPP score was present As shown in Fig. 2 the results showed a very high percentage of null values (79.95%). This result shows that 79.95% of the time, the PIPP values were not collected or available when the APIPP values were. Since the APIPP score was consistently scored for every hour, these scores produced a more frequent result in comparison to the PIPP score. The data analysed showed that the PIPP values were not collected consistently every hour, but rather, were collected infrequently at random time points. The second highest percentage was for the "greater" category. For 14.76% of the time, the PIPP score was greater than the APIPP score. This result was predictable as the PIPP scoring is a 21-point scale whereas the APIPP is a 9-point scale. However, understanding the degree of difference between the PIPP score and APIPP score is important.
In total, 1910 hours of data were analysed for subject 1. In 66 instances, the PIPP score was less than APIPP score. In 35 instances, the PIPP score was equal to APIPP score. In 282 instances, the PIPP score was greater than APIPP score. For 1527 hourly instances of the APIPP score, the PIPP score was not recorded. To better understand the difference between APIPP and PIPP, the null category was excluded. Within this context, Fig. 3 displays the results. While analysing the greater category of differences, the difference between the PIPP and APIPP score was minimal. As Fig. 4 shows, the PIPP score is most frequently close to the APIPP; the most frequent difference between the two scales is 2. Furthermore, the most frequently occurring differences range between 1 and 4. The difference of 1-4 is made up of 73% of the data, whereas, the remaining 5-11 difference only makes up 26% of data. It is important to conclude that most of the hours analysed, only reported a difference in the lower range of 1-4 when compared between PIPP and APIPP. In a 12-point difference between two scales, a difference of 1-4 does not account for a significant difference. Limited understanding on infant pain has led to its lack of recognition in clinical practice. As a result, there is still a lack of a gold standard for assessing pain in the neonatal population. Many infants still do not receive any pain treatment during commonly performed painful procedures [8] [9] [10] . These studies highlight an important knowledge to practice gap, which can negatively impact the health of newborn infants.
The evaluation of the data model presented noteworthy results where one of the important findings was that the PIPP score was not scored each hour that APIPP was scored, and on average, PIPP was only scored 20% of the hours within this study. Such an issue outlines the limitation of the manual scoring systems being used at hospitals. Such a result suggests that the nurses did not score the PIPP consistently as many hours of data were missing. Significant changes in the premature infant's physiology can take place during the hours in which the PIPP is not scored. The second highest percentage was found for the greater category. Specifically, for case study for subject 1 (Fig. 2) , PIPP score was greater than the APIPP score for 14.76% of the time. Such a result was expected as PIPP score is scored out of a higher value in comparison to APIPP. Thus, the percent difference between the two scales was explored (Fig. 4) . of the most frequently occurring differences were in the lower range with most differences ranging between one and four. More specifically, a difference of two and three had the highest occurrence. This was not considered to be an important difference within the context of a 12-point difference between the two scales.
The highest frequency of differences being two or three concludes that APIPP score was similar to the PIPP score that was scored by the nurses. It can be inferred from this finding that perhaps the PIPP score tends to be highly based on the physiological changes and GA, which the APIPP was constructed of. In this case, it can also be inferred that perhaps the nurses were not able to score the various behavioural parameters due to sedation or inactivity in the infant due to prematurity. Additionally, it could also be speculated that perhaps APIPP score was more sensitive as it consisted of per second physiological data, which the PIPP perhaps missed. It is important to further investigate these findings.
The case study provided in this thesis verifies that the PIPP scores were not consistently collected compared to the automated score of APIPP. Pain assessment methods should be designed to reduce nursing workload and the side effects of under or overdosing analgesics. Studies that aim at a practical application of findings in the field of automatic pain recognition, specifically within the neonatal domain, are virtually non-existent today. The results reported in this paper as well as in earlier studies indicate a high potential for developing clinical decision support systems that could be implemented in the neonatal pain domain.
In the future, this work will be used to design a physiological indicator based scale that can be integrated into a decision support system named Artemis. Using various physiological data streams, the novel scale can be integrated into the Artemis platform to predict nociceptive events. With such an informatics tool, the identification of nociceptive stimuli can be improved, and therefore, improve the use of drugs and non-pharmacological interventions for pain relief. Such a pain assessment system can provide continuous and minimally biased assessment of pain. Future work can attempt to implement this approach in streams and test the implementation in Streams Processing Language (SPL), which is the primary language used by the Artemis platform. This avenue of research presents future opportunities, a few of which could include the use of full 24-hour data sets for all patients as well as the continuous real-time analysis of the data. In turn, better and more accurate pain management strategies can be created, improving the health of the youngest members of society.
